Synthetic opals-composed of 250 nm amorphous silica spheres closed packed in a face centered cubic structure-have been infilled with silicon, platinum, and with Si and different Pt contents. The luminescent properties of these composites have been investigated by cathodoluminescence ͑CL͒ microscopy and spectroscopy. CL emission is influenced by the material used to infill the pores of the opal matrix. CL spectra of all the samples investigated show two well-known bands, associated with the defect structure of the silica spheres, centered at about 1.9 and 2.7 eV, respectively. Emission in the 2.15-2.45 eV range, particularly intense in opal-based composites with a high Pt content, is tentatively associated with SiO 2 defects involving silicon clusters. A CL band peaked at about 3.4 eV as well as a band in the 1.50-1.75 eV range, whose peak position seems to be affected by the Pt content of the samples, are associated with the presence of Si nanocrystals. The behavior of these emissions suggests that both are related to defect states at the interface between Si nanocrystals and SiO 2 forming the opal spheres.
I. INTRODUCTION
Three-dimensional assemblies of semiconductor nanodevices with a high volume density of active elements will be required by solid-state electronics technology in the near future. Synthetic opals possess a regular sublattice of channels and voids that can be infilled with different materials in order to create such nanostructures using the so-called matrix technology. The use of opals infilled with semiconducting materials is also a subject of interest in optoelectronics due to the application of these composites as photonic crystals. [1] [2] [3] Opals are made of closed-packed amorphous submicron silica spheres forming a fcc lattice. It is known that the defect structure of SiO 2 is sensitive to ionizing radiation. 4, 5 Irradiation produces defects by either electron or hole trapping at preexisting precursors defects, which are strongly dependent on the sample stoichiometry. Alternatively, atomic displacements from defect-free sites can result from radiolytic processes. Many SiO 2 -based devices could be operated in radiation environments, therefore the characterization of the radiation sensitive defect structure of opals is of great importance to enable optimum device design.
Cathodoluminescence ͑CL͒ in the scanning electron microscope ͑SEM͒ is a well-established technique for the defect characterization of semiconducting and semi-insulating materials. While photoluminescence ͑PL͒ has been widely applied to the study of the emission properties of SiO 2 or Sibased nanostructures, e.g., Refs. 6-8, CL has not been so frequently applied to the characterization of these materials. 5, 9, 10 The aim of this article is to use the CL for optical and structural characterization of synthetic opals infilled with silicon ͑opal:Si͒, platinum ͑opal:Pt͒, and opals infilled with Si and different Pt contents ͑opal-Pt-Si͒. CL of bare opals will also be studied and compared with those of infilled samples. In particular, we investigate not only the defect CL emission of the opals but also the CL emission related to Si nanocrystals, which are formed in some of the samples. Both luminescence of Si-based heterostructures and luminescence of silicon nanocrystals are subjects of increasing interest due to potential integration of this material in optoelectronic devices. Influence of electron beam excitation conditions and thermal annealing on the luminescence of the opal-based composites will be addressed as well. In addition, the effects of Si and Pt distribution inside the opal pores on the CL emission have been also investigated. The obtained results will be correlated with previous transmission electron microscopy ͑TEM͒ observations and Raman measurements.
II. EXPERIMENT
The opal samples investigated in this work consist of fcc-packed amorphous silica spheres of about 250 nm diameter. 11 The silica spheres are not continuous solids but consist of several closed-packed spheres of smaller diameter ͑ϳ40 nm͒, which in turn are made of particles of about 10 nm in size. 12 Hence, there is a substructure inside the SiO 2 spheres. After sedimentation, the opals are hardened by hydrothermal annealing. During this process most of the smaller globules result partially coagulated and a porous disordered structure appears inside the silica spheres, as revealed by TEM observations. 13 Silicon was incorporated into opal ͑opal:Si samples͒ by a thermal chemical vapor deposition technique following the procedure described in Ref. 14 . It has been previously observed 15, 16 that annealing modifies the structure of the asgrown Si layer in the opal:Si samples. In order to investigate the effects of this treatment in the luminescent properties of the opals and opal:Si composites some of these samples were annealed at 800°C in air under about 1 Torr pressure. Embedding of Pt in the opal matrix ͑opal:Pt samples͒ was carried out by a multicyclical method in which opals were impregnated with a saturated solution of platinum tetrachloride in ethanol and then PtCl 4 was reduced with hydrogen. OpalPt-Si composites were prepared embedding the opals first with platinum and then with silicon. These treatments lead to opal structures with the pores partially filled, due to coating of the spheres, with Si, Pt, or both elements, respectively. In the latter case the fraction of Si and Pt was estimated as described later.
The morphology of the opal-based composites was investigated in a Leica Stereoscan 440 SEM. CL observations were carried out in the 300-1200 nm spectral range using either a Camebax electron microprobe analyzer or a Hitachi S-2500 SEM. Details of the experimental setup used for CL images and spectra acquisition have been reported elsewhere. 17, 18 Measurements were performed at accelerating voltages ranging from 10 to 25 kV, beam currents ranging from 1 to 50 nA and temperatures between 85 and 295 K.
The Si and Pt fill factors of the opal pores have been evaluated by x-ray microanalysis at different depths in cross sections of the samples. The Si concentration measured includes not only the material embedded into the opal pores but also Si from the amorphous SiO 2 forming the opal spheres. This latter concentration of Si equals, in atomic %, to half of the oxygen concentration (K O ). Therefore, the concentration of silicon embedded in the opal pores (K Si ) can be expressed, in atomic %, as
where K Si * is the total Si concentration in atomic %. The same concentration expressed in weight % (C Si ) is given by
where C Si * is the total Si concentration in weight %. The Si and Pt fill factors of the opal pores, in volume %, were then evaluated using the following expression:
C k and C opal , respectively, represent the concentrations of the element considered ͑Pt or embedded Si͒ and the SiO 2 that forms the opal, while k and opal are the corresponding densities.
III. RESULTS

A. Bare opals
SEM images of the opals show compact and wellordered layers of SiO 2 spheres of about 250 nm of diameter ͑Fig. 1͒. As in all the samples investigated in the present work, CL intensity (I CL ) in the visible spectral range increases by increasing irradiation time until a saturation is reached. In this condition three emission bands centered at about 1.95, 2.7, and 3.35 eV are clearly resolved ͑Fig. 2͒. Gaussian deconvolution of the obtained spectrum reveals the existence of four bands centered at 1.97, 2.35, 2.66, and 3.37 eV. No significant change in the I CL (1.9 eV)/I CL (3.4 eV) ratio was found by increasing irradiation time, while an enhancement of the CL intensity in the ͑2.4-2.8͒ eV range was clearly observed. Upon annealing at 800°C a higher luminescence intensity was appreciated. Spectra show two well resolved bands peaked near 1.95 and 3.3-3.4 eV and the band centered at 2.7 eV appears as a shoulder of the dominant 3.3 eV emission ͑Fig. 2͒. In this case, Gaussian deconvolution indicates a shift towards higher energies of the previously observed bands, that now appear centered at 2.02, 2.40, 2.71, and 3.39 eV. Contrary to the nonannealed opals case, it was observed that the ratio I CL (1.9 eV)/I CL (3.4 eV) decreased by increasing irradiation time.
B. Opal:Si
Visible CL is rather weak in opals infilled with Si and only after annealing at 800°C it becomes clearly appreciated. Spectra recorded at room temperature with an accelerating voltage of 15 kV and beam currents of about 1 nA show an intense CL band centered at 1.95 eV as well as weaker luminescence in the ͑2.2-2.9͒ eV range ͑Fig. 3, dotted curve͒. This latter emission increases by increasing irradiation time, and appears centered at about 2.7 eV once saturation conditions have been reached. Spectra acquired under higher excitation conditions ͑20-25 kV, ϳ 15 nA͒ or at low temperature ͑85 K͒ show emission bands at about 2.63-2.70 eV, 1.90 and 2.1-2.3 eV ͑Fig. 3, dashed curve͒. The 2.7 eV band dominates the spectrum and only when the SEM electron beam is defocused, i.e., the excitation density is reduced, the intensity of the 1.9 eV band exceeds the intensity of the 2.7 eV emission ͑Fig. 3, solid curve͒. A detailed Gaussian deconvolution of the spectra obtained at low temperature and/or under high excitation density reveals the existence of two additional bands centered near 2.90 and 3.25 eV, as well as the complex character of the 1.9 eV emission, which is really made up of two bands peaked at 1.91-1.93 and 1.81-1.86 eV. Main differences with spectra recorded under low excitation conditions or at room temperature are the dominant character of the 2.7 eV band and the appearance of a strong CL emission in the 2.9-3.3 eV range. We have actually found in CL spectra acquired at increasing temperatures that the intensity of the 2.7 eV band is reduced faster than the intensity of the 1.9 eV CL band. In addition, it was observed that an accelerating voltage decrease induces not only a CL intensity decrease, as expected, but also an increase of the I CL (1.9 eV)/I CL (2.7 eV) ratio. The appearance of CL near 3.3 eV is probably connected with the use of a higher electron beam current, as supported by the CL observations carried out in annealed opals. The 2.9 eV band has been previously observed in crystalline SiO 2 5 and attributed to an irradiation produced intrinsic defect.
Si-infilled opals show, in addition, weak CL in the near infrared range at room temperature. As in the visible range, I CL increases by increasing irradiation time. Corresponding spectra show a broad band peaked at about 1.34 eV and a weaker emission centered near 1.6 eV ͑Fig. 4͒. Upon annealing the spectrum becomes dominated by an intense 1.9 eV visible CL band, but emissions at 1.34 and 1.60 eV are still observed, as also shown in Fig. 4 .
C. Opal:Pt
CL spectra of Pt-infilled opals are always dominated by a broad, complex band centered at about 2.3-2.55 eV. The CL maximum shifts towards higher energies by increasing exposure time to the SEM electron beam. In addition, an increase of the irradiation time induces the appearance of a resolved band at 1.95 eV and an enhancement of the CL emission in the ͑3.0-3.7͒ eV spectral range, where a shoulder of the main dominant emission can be appreciated near 3.4 eV ͑Fig. 5͒. Figure 6 shows a high-resolution SEM image of an opal-Pt-Si sample. A significant reduction of the opal pore volume was observed in these composites due to Si and Pt addition. Three samples infilled with Si and different amounts of Pt have been investigated. They were respectively labeled as opal-Pt-Si Nos. 1, 2, and 3 with increasing Pt content. Corresponding CL spectra are shown in Fig. 7 . An intense, broad and complex band, centered at about 2.7 eV, always dominates the CL emission of the opal-Pt-Si composites irrespective of temperature, the accelerating voltage, or the beam current used to acquire the spectra. Emission bands at about, 1.88-1.90, 2.1-2.3, and 3.2 eV can also be appreciated, the first appears always resolved and the other two as shoulders of the main 2.7 eV band. Pt addition induces a considerable reduction of the CL intensity of the samples as compared with CL intensity of the opal:Si composites. A small Pt addition causes a strong reduction of the 1.9 eV band, while the intensity of the main 2.7 eV emission is reduced in a more gradual way by increasing the Pt content. In the sample with a higher Pt content ͑opal-Pt-Si No. 3͒ an enhancement of the 2.2 eV band is also clearly appreciated.
D. Opal-Pt-Si
Close to the low-energy limit of the visible spectral range, a weak CL band is frequently observed in several regions of the three opal-Pt-Si samples. The band is centered between 1.57 and 1.59 eV in samples opal-Pt-Si Nos. 1 and 2, and was observed peaked at the same energies in the opal:Si samples as well. However, in sample opal-Pt-Si No. 3 ͑highest Pt content͒ a similar band is found centered at about 1.70 eV. ͑Fig. 8͒.
Si and Pt distributions in the opal pores of opal-Pt-Si composites have been evaluated from electron probe microanalysis results. Near the surface the fill factor of Si is about 70% in volume and the fill factor of Pt is close to 25% in volume. While this latter is roughly constant across the composite the in-depth profile of the fill factor of Si is wellshaped ͑Fig. 9͒. Minimum fill factor values of Si were measured at about 100-150 m depth depending on the surface considered. CL investigations carried out in cross sections of the same samples reveal a progressive enhancement of the CL intensity from the surfaces towards the interior. In fact, CL intensity profiles measured in cross-sections of the opalPt-Si composites show the opposite trend than that shown by the Si fill factor profiles ͑Fig. 9͒. This comparison indicates that CL is enhanced as the concentration of Si embedded in the opal matrix decreases in depth. Such inhomogeneous CL intensity spatial distribution is clearly appreciated in the CL micrograph of an opal-Pt-Si sample cross section shown in Fig. 10 together with CL spectra acquired at different depths from the surface.
IV. DISCUSSION
The obtained results show that CL from the opal-based composites investigated in this work is strongly influenced by the material used to infill the opal pores and its concentration. The main features of the different bands observed in the samples will be discussed and compared in the following.
A. 3.4 eV band
A CL band centered at about 3.4 eV is observed in almost all the samples, although under different excitation conditions. A PL band at the same energy was observed by Liao et al. 19 in SiO 2 thin films and attributed to an unknown intrinsic defect. This band was also reported by Qin et al. 20 in oxidized porous silicon films and in SiO 2 powders annealed in oxygen at 1000°C and attributed to some oxygen excess defect. PL at 3.4 eV has been also observed in amorphous Si:H:O films and assigned to oxygen related color centers in Si-O species. 21 Song et al. 22 proposed a two-fold coordinated Si defect ͑O-Si-O͒ at the interface between Si nanocrystals and a SiO 2 matrix as the luminescent center responsible for the 3.4 eV PL band observed in SiO 2 films. This PL was observed in as-deposited samples and strongly increased upon annealing the films at or above 800°C.
The existence of nanosized silicon crystallites in opal silica spheres has been recently reported by Ajgaonkar et al. 23 This observation suggests that the presence of Si nanocrystals in our samples could be related to the 3.4 eV band with a mechanism similar to that proposed in Ref. 22 for the case of SiO 2 films. As in Ref. 22 , we have found that the 3.4 eV band increases after annealing the samples at 800°C ͑Fig. 2͒. In our samples the 3.4 eV band would be related to states at the interface between nanocrystals and the silica spheres of the opal.
B. 2.7 eV band
The 2.7 eV band is observed in all the opal-based composites, frequently as the dominant emission ͑Figs. 7, 8, and 10͒. This band has been extensively investigated and is usually attributed in amorphous SiO 2 to oxygen deficient centers, in particular to two-fold coordinated Si defects or to asymmetrically relaxed or unrelaxed neutral oxygen vacancies. 24, 25 The two-fold coordinated Si defect is more disordered than the oxygen vacancy defect. 26 Due to the porous, disordered nature of the silica forming the opal spheres ͑as visualized in TEM images͒ and the structural disorder caused by irradiation, this defect seems in our case to occur with a higher probability than the oxygen vacancies. The coexistence of both kind of defects may explain the compound nature of the 2.7 eV band that can be clearly appreciated in several of the obtained spectra ͑Figs. 4 and 8͒. Enhancement of the 2.7 eV CL emission with increasing irradiation time or decreasing temperature agrees with previous CL studies of high-purity quartz 25 and thermally grown SiO 2 layers.
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C. Emission in the 2.15-2.45 eV range CL in the 2.15-2.45 eV range observed in a-SiO 2 is usually attributed to radiative recombination of self-trapped excitons ͑STE͒, 5, 6 i.e., correlated electron-hole pairs localized by self-induced lattice distortions. STE CL is very sensitive to local disorder. Experimental and theoretical investigations of STE in SiO 2 have led to a number of different models involving oxygen vacancies, peroxy linkages and EЈ centers ͑unpaired electron in a dangling tetrahedral sp 3 orbital of a single Si atom bonded to three oxygen atoms͒. STE are considered to be an interstitial-vacancy pair, for which the interstitial takes the form of an O 2 molecule. 28 PL at 2.25 eV observed 29 in irradiated bulk a-SiO 2 has been attributed to E ␦ Ј centers, paramagnetic defects where an electron is delocalized over a cluster of five Si atoms. The generation process of oxygen vacancies and interstitials results in a structure quite similar to the five Si atoms cluster. 30 CL observed in our work in the 2.15-2.45 eV range can be tentatively related to the formation of Si nanoclusters, although it has not still been established if carrier recombination takes place inside these clusters or on the oxygen vacancy-oxygen interstitial pairs. 30 The formation of Si clusters in SiO 2 has been experimentally observed by means of Auger electron spectroscopy. 31, 32 In the opal samples here investigated CL in the 2.15-2.45 eV range is enhanced by increasing irradiation time or excitation density, which supports the proposed relation between Si nanoclusters and the observed emission. This assignment also agrees with previous CL observations of SiO 2 films. 18 It is noteworthy to mention that enhanced 2.15-2.45 CL is observed in the opal:Pt samples and in opal-Pt-Si composites with a high Pt content ͑Figs. 6 and 8͒, which suggests that the I CL (2.2 eV)/I CL (2.7 eV) ratio is favored by a reduced contact area between Si and SiO 2 .
D. 1.9 eV band
The 1.9 eV band is usually related to nonbridging oxygen hole centers ͑NBOHC͒ defects. 5, 25, 33 The NBOHC is described as a hole trapped in a pure 2p orbital of a single oxygen bonded to a single Si bonded to three oxygen atoms. Peroxy and hydroxyl linkages as well as strained siliconoxygen bonds are possible precursors of these defects. 5, 25, 26 This variety of precursors explains the existence of two different NBOHC-related bands observed by deconvolution at about 1.91-1.93 and 1.81-1.86 eV. A clear enhancement of the 1.9 eV CL band intensity relative to the 2.7 eV emission intensity is observed in opal:Si samples by defocusing the electron beam ͑Fig. 3͒. This result agrees with previous CL observations in quartz 5 and confirms that 1.9 eV CL intensity changes are correlated with the power density in the interaction volume and, hence, with the electron beam-induced electric field.
E. Emission in the 1.50-1.75 eV range CL appreciated in the 1.50-1.75 eV range ͑Fig. 9͒ can be attributed to Si nanocrystals, according to previous PL investigations, e.g., Refs. 34-36 and CL works.
10,37-39 CL emission appears centered between 1.57 and 1.61 eV in opal:Si and opal-Pt-Si sample Nos 1 and 2, while in sample opal-Pt-Si No. 3 ͑highest Pt content͒ it is peaked at 1.70 eV ͑Fig. 8͒. TEM measurements revealed the existence of Si nanocrystals of about 2 nm in size in the opal:Si and opalPt-Si samples, while nanocrystals with average size ranging 5-8 nm were observed in the annealed opal:Si composites 15, 16 and also detected by Raman measurements. 16 Thus, although luminescence is related to Si nanocrystals, it cannot be attributed to a pure quantum confinement effect because no shift in the CL peak with the nanocrystal size is observed. According to TEM observations, Pt particles of several nm in size and in different stages of coalescence are distributed on the silica spheres surfaces. 15 Increasing Pt content then reduces the contact surface between Si and SiO 2 . Our measurements show that a shift of the CL peak to higher energies is appreciated only when certain Pt concentration is reached. These observations support the possibility that the 1.5-1.7 eV CL is related to the existence of defect states at the interface between Si nanocrystals and SiO 2 35 and suggests that a high Pt addition modifies the electronic state of the mentioned defects. According to the model proposed in Ref. 35 , the carrier generation occurs across the nanocrystal band gap while recombination takes place trough the lower-energy localized surface states. The energy of the photons emitted in this step depends on the surface state structure rather than on the nanocrystal size. On the other hand, Shimizu-Iwayama et al. 36, 40 have also proposed that the interface energy state between Si nanocrystals and SiO 2 plays an essential role in the luminescence process and consider that this energy is affected by the nanocrystals interaction. Hence, the concentration of nanocrystals influences the lumi-nescence emission. Our observation that the CL peak shifts to higher energies in the opal-Pt-Si sample No. 3 ͑Fig. 9͒, where a high density of Pt particles tends to separate the Si nanocrystals, can be explained by the model of Refs. 36 and 40. The slight increase of the 1.6 eV luminescence intensity observed in opal:Si samples after annealing agrees with an increased crystalline fraction of the embedded silicon, as supported by Raman measurements.
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F. Infrared CL
Infrared CL is observed in opal:Si samples at about 1.34 eV ͑Fig. 4͒. This luminescence is related to the existence of amorphous Si according to previous PL investigations. 8, 41 Such assignment is supported by the reduction of the intensity of that CL band upon annealing the samples at 800°C, and agrees with previous TEM observations. 15, 16 In fact, about 90% of the Si embedded in the opal matrix is amorphous, while in annealed samples a mixture of amorphous and crystalline Si-with Si crystals of up to 300 nm in size-is shown by the mentioned TEM images.
V. CONCLUSIONS
The CL emission of synthetic opals infilled with Si ͑opal:Si͒, Pt ͑opal:Pt͒, as well as Si and different Pt contents ͑opal-Pt-Si samples͒ has been investigated. CL from the opal-based composites characterized in this work is strongly influenced by materials used to infill the opal pores and their concentration. X-ray microanalysis show an inhomogeneous distribution of Si in the opal matrix pores that induces changes in the luminescence intensity spatial distribution, as revealed by CL microscopy and spectroscopy.
The CL measurements indicate the existence of Si nanocrystals in the opal:Si and opal-Pt-Si composites. CL related to Si nanocrystals is observed in the 1.50-1.75 eV spectral range as a well-resolved band whose peak position depends on the Pt content of the samples. In fact, CL emission in the mentioned range is observed centered between 1.57 and 1.61 eV except in the opal-Pt-Si composite with the highest Pt content, where it is peaked at 1.70 eV. The behavior of this band together with previous TEM observations suggest that the CL emission is related to defect states at the interface between Si nanocrystals and SiO 2 . The electronic state of these defects could be influenced by the interaction between nanocrystals. Another CL band centered near 3.4 eV is observed in bare opals and annealed opals as the dominant emission. This band seems to be included in the intense 2.7 eV emission in CL spectra of almost all the infilled opals. Our observations agree with previous assignment 22 of this band to two-fold coordinated Si defects also located at the interface between Si nanocrystals and the silica spheres of the opals. Infrared CL characteristic of amorphous silica has been detected in opal:Si samples.
